Relation between toughness and molecular coupling at cross-linked polymer/solid interfaces by Tymichova, Michaela
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
2005 
Relation between toughness and molecular coupling at cross-linked 
polymer/solid interfaces 
Michaela Tymichova 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Tymichova, Michaela, Relation between toughness and molecular coupling at cross-linked polymer/solid 
interfaces, PhD thesis, School of Mechanical, Materials and Mechatronics, University of Wollongong, 
2005. http://ro.uow.edu.au/theses/463 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

RELATION BETWEEN TOUGHNESS AND MOLECULAR 




A thesis submitted in fulfillment of the 
requirements for the award of the degree 
 
 


























I, Michaela Tymichova, declare that this thesis, submitted in fulfilment of the requirements 
for the award of Doctor of Philosophy, in the Faculty of Engineering, University of 
Wollongong, is wholly my own work unless otherwise referenced or acknowledged. The 







 Michaela Tymichova 
 












Table of Contents 
Page 
 
Certification            i 
Table of Contents                    iii 
List of Tables                     vi 
List of Figures                    vii 
Abstract                     xi 
Acknowledgements                    xv 
 
1. INTRODUCTION          1 
 1.1 Introduction          3 
 1.2 References          7 
 
2. SYNTHESIS AND CHARACTERISATION OF POLYMERIC SYSTEMS     9 
2.1 Functionalisation of Polystyrene Chains               11 
2.1.1 “Living” Free Radical Polymerisation Techniques             11 
2.1.1.1 Nitroxy-mediated Free Radical Polymerisation            12 
2.1.1.2 Atom Transfer Radical Polymerisation             14 
2.1.2 Chemical Modification of Polystyrene Chain Polymer Analysis     16 
2.1.2.1 Bromination of Polystyrene               16 
   2.1.2.2 Conversion of Brominated Polystyrene             18 
2.2 Polymer Analysis                  20 
2.2.1 Gel Permeation Chromatography               20 
2.2.2 Nuclear Magnetic Resonance Spectroscopy              24 
2.3 Results and Discussion                 26 
2.3.1 Copolymers prepared by NMP               26 
2.3.2 Copolymers prepared by ATRP               26 
2.3.3 Analysis of Brominated Polystyrene 
by 13C-NMR Spectroscopy                27 
2.3.4 Monitoring Process of Converting PS to PS-NH2 
 iv
by 1H-NMR Spectroscopy                30 
 2.4 References                   35 
 
3. POLYMER CHAINS AS COUPLING AGENTS               37 
3.1 Coupling Agents                  39 
3.1.1 Commercially-available Coupling Agents              39 
3.1.2 Mechanism of Coupling through Silane Coupling Agents            43 
  3.1.3 Nature of Bonding with Silane Coupling Agents             46 
3.1.4 Self-Assembled Monolayers                47 
3.1.5 Mixed Monolayers                 49 
3.2 Adsorption of Polymer Chains                51 
3.2.1 Competitive Adsorption of Polymer Chains              53 
3.2.2 Physisorption vs. Chemisorption               56 
3.3 Tethered Polymer Chains                 56 
3.3.1 Grafting to vs. Grafting from Techniques              58 
3.4 Techniques for Synthesis of Grafted Polymer Chains             59 
3.4.1 Grafting of Polymer Brushes using NMP              60 
3.4.2 Grafting of Polymer Brushes using ATRP              62 
3.4.3 Grafting of Polystyrene chains and their Functionalisation            63 
3.5 Analysis of Grafted Surfaces                 65 
3.5.1 Ellipsometry                  65 
3.5.2 Surface Energy by Contact Angle Measurement             68 
3.6 Results and Discussion                 71 
3.6.1 NMP Results                  71 
3.6.2 ATRP Results                  73 
3.6.3 Bromination of PS-SiClMe2 and Deposition of Mixed 
 PSBr0.1-SiClMe2/PS-SiClMe2 monolayers              77 





4. INTERFACIAL THOUGHNESS MEASUREMENTS              89 
 4.1 Mechanism of Adhesion                 91 
  4.1.1 Donor-Acceptor Interactions                92 
 4.2 Interfacial Fracture Toughness                94 
  4.2.1 Modes of Fracture                 95 
 4.3 Thermosets                   97 
 4.4 System Studied                  99 
4.4.1 Mechanism of Cross-linking                99 
4.4.2 Characterisation of Epoxy System             102 
4.5 Fracture Mechanism of Thermosets              103 
4.6 Interfacial Toughness Measurements              104 
4.6.1 Asymmetric Double Cantilever Test             107 
4.7 Tailoring the Interfacial Toughness using  
Polymeric Coupling Agents               108 
4.8 ADCT Experiments and Results              111 
4.9 References                 121 
 
5. DISCUSSION                 123 
 5.1 Discussion                 125 
 5.2 References                 135 
 
6. CONCLUSION                 137 
 6.1 Conclusion                 139 
 6.2 Suggestions for Future Work               141 
 6.3 References                 143 
 










II-1: Copolymerisation conditions                  15 
II-2: Examples of packaging materials for high resolution GPC              23 
III-1: Examples of silanes with different non-hydrolysable groups             42 
III-2: Surface Tension of Test Liquids                 70 
III-3: PS and PS/PHEMA brushes                  71 
III-4: PS brush on Si wafer prepared by NMP                73 
III-5: Grafting of PS chains                   74 
III-6: PS brush on Si wafer                   74 
III-7: Thickness of PHEMA-TMS/PS brush                76 
III-8: Mixed PSBr(0.1)SiClMe2 and PS-SiClMe2 layers (Exp. 1)              78 
III-9: Mixed PSBr(0.1)SiClMe2 and PS-SiClMe2 layers (Exp. 2)              79 
III-10: Mixed PSBr(0.1)SiClMe2 and PS-SiClMe2 layers (Exp. 3)              80 
III-11: Mixed PSBr(0.1)SiClMe2 and PS-SiClMe2 layers (Exp. 4)              80 
III-12: Change in thickness of the polymer layer after Heck’s reaction (Exp. 1)            82 
III-13: Change in thickness of the polymer layer after Heck’s reaction (Exp. 2)            82 
III-14: Change in thickness of the polymer layer after Heck’s reaction (Exp. 3)            82 
III-15: Change in thickness of the polymer layer after Heck’s reaction (Exp. 4)            83 
 
IV-1: Cure regime of DGEBA/DMP system              102 













Figure 2-1:  PS/PS(NH2), PS/PHEMA and PS/PGMA copolymers.             11 
Figure 2-2:  1-phenyl-1-(2’,2’,6’,6’-tetramethyl-1’-piperidinyloxy)ethane.            12 
Figure 2-3:  NMP mechanism.                  13 
Figure 2-4: Bromination of polystyrene.                 17 
Figure 2-5: Formation of C-N bond using Heck reaction.              18 
Figure 2-6: Introduction of -NH2 groups along the PS chains.              19 
Figure 2-7: Schematic example of a chromatogram. Xi is an amount 
of material eluted, Mi represents different fractions.              21 
Figure 2-8: An example of a calibration curve [www.sdk.co.jp].              22 
Figure 2-9a: 13C-NMR spectrum of pure PS-SiClMe2.               27 
Figure 2-9b: 13C-NMR spectrum of partially brominated  PS(Br)-SiClMe2.            28 
Figure 2-9c: 13C-NMR spectrum of partially brominated  PS(Br)-SiClMe2.            28 
Figure 2-9d: 13C-NMR spectrum of partially brominated  PS(Br)-SiClMe2.            29 
Figure 2-10: Conversion of PS to PS(NH2) .                30 
Figure 2-11a: 1H-NMR spectrum of PS (MW=200K).               31 
Figure 2-11b: 1H-NMR spectrum of PS(Br)x (x = 0.1).               31 
Figure 2-11c: 1H-NMR spectrum of PS-N(Si(Me3)2).               32 
Figure 2-11d: 1H-NMR spectrum of PS-NH2.                32 
Figure 2-12a: 1H-NMR spectrum of PS-NH2.                33 
Figure 2-12b: 1H-NMR spectrum of PS-NH2 with D2O added.              33 
 
Figure 3-1: Schematics of coupling mechanism using coupling agents.             40 
Figure 3-2: Functionalities of silane hydrolysable groups .              41 
Figure 3-3: Examples of short and long chain silane molecules.              42 
Figure 3-4: Hydrolysis of a silane coupling agent with three methoxy 
end-functional groups.                 44 
Figure 3-5: Formation of oligomers and their condensation to the substrate.            44 
 viii
Figure 3-6: a) H-bonding to the substrate, b) consequent covalent bond 
formation upon curing.                 44 
Figure 3-7: Bonding of γ-APS to silicon substrate.               46 
Figure 3-8:  Schematics of the silanation reaction.               48 
Figure 3-9: Conformations of adsorbed polymer chains.               51 
Figure 3-10: General adsorption isotherm of a polymer with a high affinity 
for a substrate.                  52 
Figure 3-11: Pancake, mushroom and brush conformations.              57 
Figure 3-12: Chemisorption of surface active initiators to Si substrate.             60 
Figure 3-13: a) deposition of mixed initiators; b) polymer brush.              61 
Figure 3-14: a) Deposition of γ-APS and n-BTMS on Si wafer 
  b) ATRP agent attachment.                 62 
Figure 3-15: Chemically adsorbed PSBr and PS chains on Si wafer.             63 
Figure 3-16: Heck reaction using LiN(SiMe3)2.                63 
Figure 3-17: Catalysts for Heck reaction: a) Pd(dba)2 , b) P(t-Bu)3.             64 
Figure 3-18: Conversion of the PSBr to the silane protected PS.              64 
Figure 3-19: Conversion of the silane terminated PS to  PS-NH2.              64 
Figure 3-20: Single-film model. ϕ is an angle of incident and reflected beam, 
n and k are the real and imaginary parts of a refractive index 
of a substrate and the  film, t is the film thickness.              65 
Figure 3-21: Schematics of an analysing section of AutoEl-II Ellipsometer.            66 
Figure 3-22: Double-film model. ϕ is an angle of incident and reflected beam, 
n and k are the real and imaginary parts of a refractive index 
of a substrate and the  film, t is the film thickness.              67 
Figure 3-23: a) So > 0, b) So < 0. Θ is an equilibrium contact angle.             69 
Figure 3-24: γ-APS thickness vs. γ-APS concentration deposited on Si wafer.            75 
Figure 3-25: Bonding of Si to epoxy resin via PS-NH2 chains.              84 
 
Figure 4-1: Adsorption of basic PMMA onto acidic silica from basic, neutral 
and acidic solvents.                  93 
Figure 4-2: Modes of loading: a) mode I, b) mode II, c) mode III .             96 
 ix
Figure 4-3: Schematics of a) stable and b) stick/slip mode of crack propagation.          98 
Figure 4-4: Structures of epoxy and diamino curing agents.            100 
Figure 4-5: Mechanism of Cross-linking between di-epoxy resin 
and diamino hardener system.              101 
Figure 4-6: Tg of various cure regimes of DGEBA/DMP measured by DMA.          103 
Figure 4-7: Schematics of the “sandwich” structure for testing 
PS/glass interface.                105 
Figure 4-8: Schematics of the “sandwich” structure for testing 
PS/silicon interface.                106 
Figure 4-9: Asymmetric double cantilever beam specimen; Gc = f (E, h, ∆2, a4).         108 
Figure 4-10: Photographs of an ACDT specimen.              109 
Figure 4-11: Monolayer thickness of the modified Si surfaces (Exp 1).           112 
Figure 4-12: Surface energy of the modified Si surfaces (Exp 1).            112 
Figure 4-13: Interfacial fracture toughness measurements using ADCT (Exp 1).          113 
Figure 4-14: Monolayer thickness of the modified Si surfaces (Exp 2).           114 
Figure 4-15: Surface energy of the modified Si surfaces (Exp 2).            114 
Figure 4-16: Interfacial fracture toughness measurements using ADCT (Exp 2).          115 
Figure 4-17: Monolayer thickness of the modified Si surfaces (Exp 3).           116 
Figure 4-18: Interfacial fracture toughness measurements using ADCT (Exp 3).          116 
Figure 4-19: Monolayer thickness of the modified Si surfaces (Exp 4).           117 
Figure 4-20: Surface energy of the modified Si surfaces (Exp 4).            118 














The relationship between the interfacial fracture toughness (Gc) and molecular 
coupling between epoxy polymers and silicon wafers was studied using the asymmetric 
double cantilever test (ADCT). In order to investigate the molecular coupling, the coupling 
molecules had to be applied along the polymer/substrate interface in various concentrations. 
The grafting from technique by means of the “living” free radical polymerisation 
techniques, namely nitroxy-mediated “living” free polymerisation (NMP) and atom transfer 
radical polymerisation (ATRP), were used to prepare suitable coupling molecules. 
Unfortunately, these techniques did not produce satisfactory results, and the new route of 
grafting to was investigated. This method involved chemical attachment of brominated 
polystyrene chains (PS) to the silicon substrate. The bromine functional groups of the 
brominated polystyrene (PS(Br)) were then further converted to amino (-NH2) groups using 
the Heck reaction, producing PS(NH2).  
 
The conversion method was first tested using the free (unattached) polystyrene 
(MW = 200K) which was brominated (molar fraction of brominated units, x = 0.1). The 
conversion from PS to PS(Br) and then to PS(NH2) was monitored by proton and carbon 
nuclear magnetic resonance techniques (1H-NMR and 13C-NMR) and gel permeation 
chromatography. 
 
For the grafting to experiments, monochlorosilane end-functionalised polystyrene 
(PS-SiClMe2) (MW = 8000) was used. Various ratios of PS and PS(Br) ranging from 0 to 
20% PS(Br) were deposited onto silicon substrates. Applying the Heck reaction, Br groups 
were converted to NH2, producing surfaces with different concentrations of amino groups 
which were expected to react with the epoxy polymer.  
 
ADCT was adapted to investigate the dependence of the interfacial fracture 
toughness on the degree of coupling. The dependence of Gc on the concentration of the 
coupling molecules was not directly confirmed. This was attributed mainly to the 
 xii
challenges in deposition of the polymer chains and the final conversion to PS(NH2). 
However, the differences in Gc values between experiments suggested that Gc’s measured 
by ADCT reflect the differences in surface properties of the polymer modified surfaces, and 
therefore this technique is suitable for interfacial adhesion measurements between epoxy 
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